Nonlinear optical processes at soft X-ray wavelengths have remained largely unexplored due to the lack of available light sources with the requisite intensity and coherence. Here we report the observation of soft X-ray second harmonic generation near the carbon K-edge (∼284 eV) in graphite thin films, generated by high intensity, coherent soft X-ray pulses at the FERMI free electron laser. Our experimental results and accompanying first principles theoretical analysis highlight the effect of resonant enhancement above the carbon K-edge and show the technique to be interfacially sensitive in a centrosymmetric sample, with second harmonic intensity arising primarily from the first atomic layer at the open surface. This technique and the associated theoretical framework demonstrate the ability to selectively probe interfaces, including those that are buried, with elemental specificity, providing a new tool for a range of scientific problems.
Nonlinear optics has recently been extended from visible and near UV wavelengths to new regimes with the development of X-ray free electron lasers (XFELs) capable of delivering X-ray pulses with high brightness, ultrashort pulse duration, and high coherence [1] [2] [3] [4] [5] [6] [7] . One fundamental nonlinear probe is second harmonic generation (SHG), a second-order process which combines two photons of the same energy to generate a single photon with twice the energy [8] . At infrared, visible, and ultraviolet wavelengths, second-order nonlinear spectroscopies have become important tools in surface science, as symmetry considerations, within the dipole approximation, constrain signal generation to regions lacking centrosymmetry, such as surfaces and interfaces [9] [10] [11] [12] . In contrast, at hard X-ray wavelengths, second harmonic and sum frequency generation (SFG) have been observed in centrosymmetric materials with a non-uniform electron density and are essentially bulk probes [1, 2] . As soft X-ray wavelengths fall in between the hard X-ray and UV regimes, there has been uncertainty regarding the interface specificity of soft X-ray SHG. Here, by utilizing a recently constructed, highly coherent, soft X-ray free electron laser [13, 14] , we report the first observation of soft X-ray second harmonic generation near the carbon K-edge (∼284 eV). Our experimental results and accompanying theoretical analysis indicate that soft X-ray SHG is an interface specific probe with symmetry constraints similar to optical SHG/SFG, and is highly sensitive to resonance effects. This enables a powerful new approach for surface and interface analysis with broad applicability to many scientific fields, as it combines the elemental and chemical specificity of X-ray absorption spectroscopy with the rigorous interfacial specificity of second-order nonlinear spectroscopies, while maintaining a fully coherent signal. With several new coherent free electron lasers under development (SwissFEL, SXFEL, LCLS-II, FLASH2020) [15, 16] , this new technique offers exciting applications to a wide range of problems.
At optical wavelengths, second-order nonlinear spectroscopies have become indispensable techniques for surface analysis, being among the few techniques with genuine interface specificity. As such second harmonic generation (SHG) and sum frequency generation (SFG) have been employed to study of a wide range of scientifically important systems (e.g., liquid/vapor interfaces, catalytic interfaces, etc.) [11] . These techniques exploit the enhancement of the second-order nonlinear response to a high intensity, coherent photon beam when either the intermediate or final state is resonant with a real state within the target material. The nonlinear response to a coherent input beam of frequency can be derived from an expansion of the polarization of the target medium
where X (n) is the nth order susceptibility tensor. Within the dipole approximation, even orders of X (n) necessarily vanish in centrosymmetric media. This causes SHG, SFG, difference frequency generation (DFG), and higher even-order nonlinear signals to be inherently surface specific in centrosymmetric media, as this symmetry is broken only at interfaces. Assuming a broken-symmetry region with thickness much less than the wavelength, the intensity of the SHG signal from a given interface is given by
where
ef f is the effective susceptibility of the interfacial region and I ω is the intensity of the fundamental beam. Note the quadratic dependence of the second harmonic (SH) intensity I 2ω on the input intensity I ω .
Until recently, the lack of light sources with sufficient intensity and coherence has limited the development of nonlinear X-ray spectroscopies. Prior to the development of free electron lasers (FELs), only parametric downconversion had been observed [17] . While the advent of XFELs has recently enabled second-and third-order nonlinear spectroscopies at hard X-ray energies, including SHG [2] , SFG [1] , two-photon absorption [4] , and inelastic Compton scattering [18] , current hard X-ray FELs lack the longitudinal and temporal coherence necessary for efficiently satisfying the phase-matching conditions required for nonlinear spectroscopies, thus making the exploitation of some of these techniques difficult [19, 20] . Furthermore, the shorter hard X-ray wavelengths (λ < 0.2 nm) induce second harmonic and sum frequency generation even within centrosymmetric media, as the observed response depends on material inhomogeneity on the length scale of the X-ray wavelength, similar to how SHG is seen in a plasma, and effectively making this method a bulk probe [21] .
Here we report the observation of soft X-ray SHG generated by high intensity, coherent FEL pulses at FERMI, a highly coherent soft X-ray FEL based on high-gain harmonic-generation (HGHG) of a longer wavelength seed laser [13, 14] . The experiments were conducted at the EIS-TIMEX endstation [22, 23] . An experimental schematic is shown in Fig. 1 a: a soft X-ray FEL pulse (estimated pulse duration ∼25 fs, pulse energy ∼1-5 µJ, spot size ∼350 µm 2 ) is passed through a 2 mm iris to attenuate the off-axis second harmonic contamination from the FEL source, and focused onto a graphite sample at normal incidence. The transmitted beam and the collinear SH signal are passed through a 600 nm aluminum filter to attenuate the fundamental FEL pulse, into a spectrograph [24] to separate the SH signal from the fundamental, and onto a CCD detector (Fig. 1b) . The sample was raster scanned so that pristine graphite was probed with each laser pulse. Measurements were made using three discrete wavelengths chosen to have incoming photon energies lying below (λ = 4.76 nm;hω = 260.5 eV), on (λ = 4.36 nm;hω = 284.18 eV), and above (λ = 4.02 nm;hω = 307.86 eV) the carbon Kedge absorption edge of graphite (see Fig. 1c ) to demonstrate the effects of resonant enhancement. In this case, the FEL energy is resonant with the intermediate state and generates a non-resonant signal, enabling transmission experiments. SHG spectra can also be measured at half the photon energy used here, where the final state is resonant although this would hinder transmission studies. Measurements were made both with and without the sample present to permit subtraction of any remaining second harmonic contamination from the FEL beam. See Supplementary Materials for additional details on the experimental design and analysis procedures [25] .
The measured dependence of the second harmonic signal on the pulse energy for multiple thicknesses of graphite (100 -720 nm) corresponding to 260.49 eV, 284.18 eV, and 307.86 eV is shown in Figs. 2a, 2b, and 2c, respectively. The pulse energy was calculated from the absolute number of X-ray photons incident on the sample, which was directly measured by the spectrometer with the sample removed. A quadratic fit to the SH response with respect to input intensity at a given photon energy is represented by a dashed line. At each photon energy, the power dependence of the SH signal is largely invariant with sample thickness, an observation that is consistent with surface sensitivity in a centrosymmetric sample. Notably, even for thin samples with a large transmission (>70%), a thickness-dependent increase in the SH signal is not observed, implying that the signal is not bulk-volume dependent. This invariance with sample thickness is also observed at resonant photon energies. The bulk second harmonic signal in graphite, due to electric quadrupole contributions, is weak.
At the resonant photon energies, a significant enhancement of the SH signal was observed, permitting its detection with significantly lower pulse energies. The tunable nature of FELs facilitate resonance, and double resonance exploitation. The relative |X (2) ef f | 2 response of graphite at different X-ray wavelengths is proportional to the slope of the linearized power dependence curve (SH response vs [input power]
2 ), shown in Fig. 2d . A significant enhancement in the X
ef f response is observed when exciting with X-ray energies at or above the graphite absorption onset (>284 eV). In this case, the intermediate state is resonant with discrete transitions to unoccupied electronic states (Fig 1c) , and the data are consistent , and 307.86 eV (c), of graphite thin films (100 nm, red diamond; 300 nm, blue circle; 500 nm, orange square; 720 nm, green triangle). The dashed lines represent quadratic fits to all the points at a given photon energy, constrained to show no detectable second harmonic signal generated below a threshold pulse energy. The vertical and horizontal error bars represent the standard error of the SH response and the standard deviation of the pulse energies in each bin, respectively. (d) The slope of the linearized pulse energy dependence curve for each photon energy. The relative |X with the expected resonant enhancement of the SH signal when either the intermediate or final state is real. When off-resonance at 260.49 eV, a threshold pulse energy of over 3 µJ per pulse is required for a sufficient SH signal to noise ratio as determined based on the minimum of the quadratic fits shown in Figure 2 . On resonance, the pulse energy necessary is significantly lower, viz. 0.7 µJ and 0.3 µJ at 284.18 eV and 307.86 eV, respectively. This resonance enhancement means that the technique can be used to generate a surface specific soft X-ray spectrum with sensitivity to chemical composition.
The pump intensities used here correspond to peak fields of 10 12 W/cm 2 , which is 4 orders of magnitude less than what was required for hard X-ray SHG (10 16 W/cm 2 ) [2] . Note that, at these power densities, the efficiency of the SHG process is at least an order of magnitude lower than the linear absorption for a single atomic layer [26] .
While the exact damage threshold will vary based on the sample, we expect that it will be possible to perform soft X-ray SFG below the damage threshold for a broad variety of materials, by leveraging the lower X-ray fields required by combining the soft X-ray pulse with an optical laser pulse. When hard X-ray SFG was performed by using an optical laser pulse combined with an X-ray laser, the pump intensities were ca. 10 10 W/cm 2 for the optical laser and 10 11 W/cm 2 for the X-ray laser [1] . Additionally, as soft X-ray SHG requires significantly smaller fields than does hard X-ray SHG, such damagefree SHG measurements may be achievable by exploiting higher repetition rate FELs (LCLS-II, FLASH2020) and more efficient detection (better spectrometer, spatial separation, etc.).
In order to verify our experimental observation of a significant SHG response in the soft X-ray regime of graphite, we calculated the linear and second-order response from first principles using perturbation theory within density functional theory [27, 28] . This approach is broadly applicable for calculating electronic SHG and SFG spectra, from the optical regime through the X-ray energies, and is detailed in the Supplementary Matarials [25] . Figs. 3a and 3b present the linear and SH response, respectively, of an 8-layer slab of AB stacked hexagonal graphite. A better comparison to experiments can be obtained by sampling a finite temperature molecular dynamics trajectory, as has been demonstrated for linear absorption [29] . Nevertheless, the linear absorption spectrum calculated here within the independent particle approximation captures salient resonant features, such as π * and σ * features at 284.9 and 291.65 eV, compared to the respective experimental values of 284.9 and 288.8 eV. Due to symmetry considerations, only the X zzz component of the X (2) susceptibility tensor is non-vanishing. Small changes in the energy calibration and temperature effects in the theory and the imperfect materials used in the experiments can engender large differences in signal intensity, particularly near the absorption edge, likely accounting for the observed differences between experiment and theory. The main features in the SH spectrum correspond to excitations from a convolution of the ground state and π * and σ * intermediate states in the conduction band. As such, a direct comparison between the SH spectrum and the linear spectrum is infeasible.
The signal originating from each layer of the graphite slab was isolated, in order to determine the exact degree of surface specificity. As shown in the inset of Fig. 3c , the contribution to the overall response decays exponentially as a function of layer index and is essentially limited to the first three monolayers, or ∼0.5 nm, with ∼63% of the signal originating from the topmost layer, ∼25% from the second, and ∼9% from the third. This result is consistent with expectations from optical sum frequency generation, wherein 90% of the signal originates from the first 2 molecular layers [30] .
In conclusion, soft X-ray second harmonic generation is demonstrated to be a powerful elemental and chemical specific spectroscopy that is highly symmetry sensitive. More specifically, the interfacial nonlinearity is large enough to prevail over the plasma nonlinearities that are dominant at hard X-ray wavelengths. This new technique will permit a new class of interface analysis experiments with significantly higher interfacial specificity than existing soft X-ray methods, effectively allowing for X-ray absorption spectroscopy of the first few molecular layers of an exposed bulk sample or either side of a buried interface. For example, buried interfaces in layered samples, wherein an individual layer contains an element not present in the others, could be probed directly without concomitant contamination from the exposed interfaces. Additionally, as the pulses remains fully coherent, it should be possible to combine this technique with lens-less coherent imaging techniques with a resolution not limited by aberration [31] . Such a technique would require either an energy-sensitive nondispersive detector or the generation of a signal that is spatially separated from the input pulses, as has been achieved previously with non-collinear input laser pulses, such as in optical SFG [9] [10] [11] [12] . If radiation damage concerns can be mitigated, the spectral sensitivity demonstrated here would enable experiments which can both spectroscopically and spatially resolve nanoparticles. Such measurements, when combined with the first-principles electronic structure framework developed here, will have broad applicability to a variety of systems of current interest.
Soft X-ray SHG measurements were conducted at the EIS-TIMEX beamline at FERMI. R.K. zzz | as a function of the number of surface layers whose C 1s core states are included in the simulation. The inset shows the percentage contribution to |X (2) zzz | from each of the top four individual layers, obtained by integrating |X (2) zzz | over a 260 eV-340 eV energy window, plotted as a function of layer index. Contribution to the overall response is seen to decay exponentially moving into the bulk of the slab with the top layer accounting for ∼63% of the signal. 
